Altering the expression level of proteins that are subunits of complexes has been proposed to be particularly detrimental because the resulting stoichiometric imbalance among components would lead to misassembly of the complex. Here we show that assembly of the phage HK97 connector complex is severely inhibited by the overexpression of one of its component proteins, gp6. However, this effect is a result of the unusual mechanism by which the oligomerization and assembly of gp6 are controlled. Alteration of this mechanism by single amino acid substitutions leads to a reversal of the response to gp6 overexpression. Surprisingly, the binding partner of gp6 within the phage particle is expressed at a 500-fold higher concentration despite their identical stoichiometry within the complex. Our data emphasize that a generalized prediction of the effects of changes in the expression level of protein complex subunits is very difficult because these effects are dependent upon assembly mechanism. macromolecular assembly | protein overexpression
Altering the expression level of proteins that are subunits of complexes has been proposed to be particularly detrimental because the resulting stoichiometric imbalance among components would lead to misassembly of the complex. Here we show that assembly of the phage HK97 connector complex is severely inhibited by the overexpression of one of its component proteins, gp6. However, this effect is a result of the unusual mechanism by which the oligomerization and assembly of gp6 are controlled. Alteration of this mechanism by single amino acid substitutions leads to a reversal of the response to gp6 overexpression. Surprisingly, the binding partner of gp6 within the phage particle is expressed at a 500-fold higher concentration despite their identical stoichiometry within the complex. Our data emphasize that a generalized prediction of the effects of changes in the expression level of protein complex subunits is very difficult because these effects are dependent upon assembly mechanism. macromolecular assembly | protein overexpression M ost biological processes are mediated by multicomponent protein complexes. Although tremendous effort has been devoted to defining the composition of protein complexes in a variety of organisms (1) (2) (3) (4) , our understanding of the regulation of the assembly of these complexes and the role of gene expression levels in governing this process is limited. It has been argued that the concentrations of proteins found in the same complex must be "balanced" to prevent accumulation of off-pathway intermediates, which might disrupt assembly (5-7). Thus, genes encoding proteins found in complexes are expected to more frequently display "dosage sensitivity," meaning that increasing or decreasing their expression levels will reduce cell viability. In apparent confirmation of this hypothesis, changes in the expression level of proteins that are members of complexes have been found to be more deleterious than proteins that are not (6) . In addition, analysis of codon biases has suggested that pairs of genes that encode interacting proteins are coordinately expressed (5) . However, more recent large-scale studies have failed to find increased dosage sensitivity among genes encoding members of protein complexes, and no correlation was observed between genes displaying haploinsufficiency and overexpression phenotypes (8, 9) . To reconcile these conflicting conclusions, the topology of proteins within complexes, not just membership in the complex, has been suggested to be a key determinant in dosage sensitivity (10) .
In studies of the relationship between gene expression level and complex assembly, the interactions between components within a complex are usually assumed to be controlled primarily by their intracellular concentrations; thus, these concentrations would need to be precisely balanced to maximize the efficiency of assembly (6, 10, 11) . Some of the earliest evidence supporting this idea came from genetic studies on phage morphogenesis, which showed that reductions in assembly efficiency caused by a limiting concentration of one assembly subunit could be ameliorated by reducing the concentration of a second subunit in the complex (12, 13) . However, a number of subsequent studies have shown that phage assembly is most often regulated by conformational changes, such that individual pathway components can be present at high concentration and remain unassembled (14) (15) (16) (17) (18) . For example, gpU, the tail terminator protein of phage λ is expressed during phage infection at a level 40% higher than the tail tube protein (19) , gpV, yet 32-fold more copies of gpV are found within the phage particle. Although it is found as a hexamer within the assembled phage, gpU on its own can be maintained in a monomeric state at concentrations up to 1 mM (20) . Oligomerization of gpU during phage assembly occurs only in the presence of the appropriate assembly precursor. Because phage particles are complicated structures comprised of multiple oligomeric species coming together through well-ordered pathways, investigations of these systems, which are tractable to both detailed in vitro and in vivo analysis, continue to provide important insights into the mechanism and regulation of macromolecular complex assembly.
The focus of this study is the head-tail connector of bacteriophage HK97. Phage HK97 possesses an icosahedral head, which contains its dsDNA genome, joined to a long noncontractile tail by a ring-shaped complex known as the connector. Assembly of the HK97 phage particle proceeds through formation of an empty head precursor, known as the prohead, into which the genome is packaged. Once packaging is completed, the components of the connector, gp6 and gp7, assemble onto the portal protein, which is a dodecameric ring positioned at a unique vertex of the head (Fig. 1 ). The addition of gp6 and gp7 stabilizes the DNA within the head (21) . This connector complex then serves as the attachment point for the tail, which is assembled in an independent pathway. Upon infection, the DNA leaves the head through the connector and proceeds down the tail tube to be injected into the host cell. Although the structure of the assembled HK97 connector has not been determined, the cryoEM structure of the connector complex of a related phage, SPP1, indicates that both gp6 and gp7 assemble into the phage particle as dodecameric rings with gp6 forming the interface between the portal protein and gp7 (21) (22) (23) (Fig. 1) .
We recently showed that purified gp6 can form stable ringshaped structures even at relatively low protein concentrations (21) . This was a surprising result in light of many previous observations, as mentioned above, that other phage particle components remain monomeric in solution at high concentrations and do not oligomerize into the form found within phage particles until they contact the correct assembly intermediate. This phenomenon is thought to be a key factor in controlling assembly by preventing premature self-association and misassociation with other components before the accumulation of the correct assembly precursor, even if some components are present in excess. Thus, a consequence of the oligomerization of gp6 in the absence of other assembly intermediates is that the rings formed might participate in off-pathway interactions leading to deleterious misassembly. The possibility of misassembly of gp6 is reinforced by the observation of a 13-membered ring in the crystal structure of gp6 rather than the dodecameric ring expected to be found in assembled phage particles (21) .
In this study, we show that overexpression of gp6 from a plasmid vector during HK97 infection resulted in more than a 100-fold decrease in phage titre. This dramatic dosage sensitivity of gp6 contrasts sharply with other phage morphogenetic proteins previously studied and led us to address the hypothesis that this phenomenon was caused by premature gp6 oligomerization. We have found that the assembly of gp6 is controlled during the HK97 life cycle by severely restricting its expression level. However, the requirement for this stringent regulation can be bypassed by single amino acid substitutions that abrogate premature oligomerization. Our data demonstrate that the dosage sensitivity of a gene is uniquely dependent on the assembly mechanism of the encoded protein.
Results
Overexpression of WT gp6 Inhibits HK97 Assembly. In constructing and testing expression plasmid constructs for structural studies on gp6, we observed an unexpected inhibitory effect of overexpression of gp6 on the growth of WT HK97 phage. As seen in Fig. 2A , the plating efficiency of WT HK97 on cells carrying a gp6-overexpressing plasmid (pEx6) was reduced by more than 100-fold compared to cells carrying an empty vector. Under conditions where gp6 expression was lowered by omission of IPTG (the inducer of transcription), only a 10-fold inhibitory effect was observed ( Fig. 2A ), indicating that this inhibition was sensitive to the expression level of gp6, which was approximately 5-fold lower under these conditions (Fig. 2B ). Transmission electron micrographs of lysates of an HK97 infection in the presence of gp6 overexpression revealed an overwhelming accumulation of protein ring complexes not seen in the empty vector control lysate ( Fig. S1 A and B) . These rings were the same size and shape as the gp6 rings observed in our previous studies (21) .
To elucidate the relationship between formation of the gp6 oligomer and the overexpression inhibition phenotype, we constructed gp6 mutants bearing amino acid substitutions at positions in the intersubunit interface within the 13-mer gp6 structure (Fig. 3A) . Two of these mutants, L28A and L65D, clearly displayed weakened intersubunit interactions; their gel filtration elution profiles demonstrated only peaks at the monomer position (Fig. 3B ). By contrast, the WT protein eluted as a mixture of multimeric and monomeric species. A third mutant, E89R, appeared to possess a strengthened interface as it eluted almost exclusively at the volume expected for a multimer. Consistent with their reduced levels of oligomerization, the L65D mutant displayed no overexpression inhibition phenotype, and the L28A mutant moderately inhibited phage growth only in the presence of IPTG. Conversely, the E89R mutant protein, which oligomerizes more readily than WT, was 10-fold more inhibitory in the absence of IPTG (Fig. 2A) . Also consistent with these results, we observed by electron microscopy the same ring-shaped complexes in lysates from the E89R-expressing cells as were present in WT samples, whereas no rings were detected in cells expressing the L28A protein ( Fig. S1 C and D) . These data clearly demonstrate that the overexpression inhibition phenotype is correlated with the level of gp6 oligomerization.
The Native Translation Initiation Site of Gene 6 Is Very Weak, But Is Sufficient for Phage Growth. Because high expression of gp6 severely reduced phage viability, we surmised that gp6 might be expressed at a low level during a WT phage infection. Supporting this hypothesis, gene 6 lacks an obvious ribosome binding site in the expected position within 6-10 base pairs of its initiation codon (24) (Fig. 2C) ; thus, it may be translated very poorly in its native context. To assess the gp6 expression level when its translation is driven by its own translation start site rather than the strong site present in pEx6, we created the construct, pEx6 ( Fig. 2D) . In this vector, transcription is driven from the same promoter as the overexpression plasmid pEx6, but inclusion of the 150 bp upstream of the 6 start codon ensured that translation would initiate from the same site as would be utilized within the context of the phage genome (Fig. 2D) . Although the expression of gp6 from pEx6 could be easily detected in whole cell lysates by immunoblotting in the absence of IPTG, the expression of gp6 from pEx6 TI-6 was undetectable even when IPTG was included (Fig. 2B ). Only when we concentrated the gp6 expressed from pEx6 TI-6 through Ni-affinity purification were we able to detect this protein and determine that the expression level of gp6 from this plasmid was at least 2,000-fold lower than the expression from pEx6 (Fig. 2B) .
A Low Expression Level Is Sufficient for the in Vivo Function of WT gp6,
But Insufficient for Oligomerization Mutants. To determine whether the low level of gp6 expressed from pEx6 TI-6 was sufficient for phage propagation, we assessed the ability of plasmid-expressed gp6 to complement a mutant phage bearing a nonsense (amber) mutation in gene 6 [HK97 6am phage, (21) ]. Remarkably, pEx6
TI-6 was able to complement the HK97 6am mutant greater than 10-fold more effectively than pEx6 in spite of its extremely low gp6 expression level (Fig. 2E) . By contrast, the L28A and L65D mutants, which do not oligomerize in vitro (Fig. 3B) , complemented considerably less efficiently than WT when expressed from the pEx6 TI-6 plasmid (Fig. 2E) . In particular, the activity of the L65D protein was reduced by 10,000-fold, whereas the L28A mutant displayed an intermediate activity that could be increased to the WT level by addition of IPTG. Strikingly, the high level of expression mediated by pEx6 allowed the L65D mutant to overcome its oligomerization defect and fully complement. The E89R mutant was similar to WT in requiring the low expression mediated by pEx6 TI-6 for optimal activity, and low expression of E89R eliminated its overexpression inhibition phenotype ( Fig. 2A ). These data demonstrate that the weakened intersubunit interactions of the L28A and L65D mutants can be compensated for by an increased intracellular concentration that serves to drive assembly of these proteins onto the portal. The higher activity of the L28A mutant as compared to the L65D mutant is likely due to the less severe nature of this substitution allowing stronger intersubunit interactions in vivo. On the other hand, the very strong intersubunit interactions of WT and E89R gp6 allow them to assemble efficiently even at very low concentrations.
Gene 7 Requires a High Level of Expression for Optimal in Vivo Activity
Because HK97 gp7 interacts directly with gp6 in the connector complex and is incorporated with the same stoichiometry, one might expect, based on the "balance hypothesis," the expression level of gp7 to be the same as that of gp6. Because both genes 6 Fig. 1 . Schematic of phage HK97 connector assembly. DNA is packaged into an empty head precursor through the dodecameric ring formed by the portal protein in a reaction mediated by the phage-encoded terminase enzyme. Once the head is filled with DNA, gp6 is assembled onto the portal protein as a dodecameric ring. Subsequently, gp7 is assembled onto gp6 completing connector assembly and providing the site of attachment for tails, which are assembled in an independent pathway. TI-6 . (F) Schematic representations of gp7 constructs used in this work. For pEx7, gene 7 (orange) is expressed under the translational control of the plasmid-based translation initiation site as in pEx6. pEx7 TI-6 is constructed similarly to pEx6 TI-6 such that translation of gene 7 is mediated by the native translation initiation site of gene 6. In pEx7 TI-7 , the translation of gene 7 is mediated by its native translation initiation site. (G) Expression level of gp7 in cells carrying pEx7, pEx7 TI-6 , and pEx7 TI-7 . These experiments were carried out as described in panel 2B. (H) Complementation of an HK97 7am phage by gp7 expressed from the indicated construct. Values were normalized to the complementation mediated by gp7 expressed from pEx7 TI-7 in the presence of IPTG. and 7 in the HK97 genome are transcribed from the same promoter (24), differences in their expression levels during phage infection would likely be mediated through modulation of translation efficiency as has been observed for the morphogenetic proteins of phage λ, a relative of HK97 (25) . To assess the strength of the gene 7 translation initiation site, we constructed a plasmid called pEx7 , which is analogous to pEx6 TI-6 except that it contains gene 7 and the 150 bp upstream of its initiation codon (Fig. 2F) . In sharp contrast to pEx6 TI-6 , pEx7 TI-7 mediated expression of a high amount of gp7 that even exceeded the expression level of gp7 mediated by the strong translation start site of the parent gp7 expression vector, pEx7 (Fig. 2 F and G) . Quantitative analyses of immunoblots of cells bearing pEx6 TI-6 and pEx7 indicated that the expression levels of gp6 and gp7 vary by more than 500-fold when translated from their native ribosome binding sites despite their assembly into the same complex with the same stoichiometry.
To evaluate the relationship between gp7 expression and biological activity, we assessed the ability of the gp7-expressing plasmids to complement an HK97 7am mutant (see SI Text). It can be seen that both pEx7 and pEx7 TI-7 could complement the HK97 7am phage and that the efficiency of complementation increased significantly upon addition of IPTG (Fig. 2H) . These data indicate that in the absence of IPTG, the expression level of gp7 limits the phage yield. Consistent with this finding, a plasmid in which the translation of gene 7 was driven by the weak translation initiation site of gene 6 (pEx7 TI-6 ) complemented very poorly even in the presence of IPTG (Figs. 2 F-H ). These data demonstrate that the expression level requirements of gp6 and gp7 for optimal assembly are drastically different. Furthermore, even when gp7 was expressed in excess of its requirement for optimal function (i.e., when expressed from pEx7 TI-7 in the presence of IPTG), we nevertheless observed no inhibitory effect on the plating efficiency of WT HK97.
Discussion
Our data clearly show that the dosage sensitivity of a protein found within a complex is profoundly influenced by the manner in which its incorporation into that complex is regulated. WT gp6 has a very strong oligomerization interface that causes it to oligomerize aberrantly when expressed at a high level. This aberrant oligomerization likely inhibits phage assembly by sequestering gp6 in nonproductive complexes that are unable to bind appropriately to upstream or downstream components of the pathway. For this reason, in the context of the phage genome, gene 6 is translated very poorly such that its intracellular concentration is maintained at a very low level during the phage growth cycle. Because of its very low concentration, gp6 likely polymerizes only upon contact with the dodecameric portal ring after the head is filled with DNA; thus, avoiding formation of dead-end oligomeric intermediates. The strong intersubunit binding surface of WT gp6 allows this reaction to occur at high enough efficiency for optimal phage yield, even under conditions of low protein concentration. However, when this binding surface is disrupted by amino acid substitutions, a much higher protein concentration is required to drive the weakened oligomerization reaction. Because these mutants are no longer able to oligomerize efficiently on their own, high level expression can be tolerated with no resulting inhibition of phage growth. In this way, we see that a single amino acid substitution can reverse both the mechanism by which assembly is controlled and the effect of high dosage. While WT gp6 displays dosage sensitivity when expressed at high levels, the oligomerization deficient mutants display dosage sensitivity when expressed at low levels.
It could be argued that the gp6 weakened oligomerization mutants characterized here are not representative of naturally occurring proteins and that the normal functioning of proteins in the gp6 family requires strong oligomerization as is seen for gp6. However, gp15 of SPP1, a homologue of gp6 (21), does not form an oligomer on its own and was solved as a monomer by NMR spectroscopy despite its dodecameric structure in the assembled connector complex (22) . Comparison of the DNA sequence upstream of gene 15 to the consensus ribosome binding site for Bacillus subtilis, the host organism for SPP1, indicates that it possesses a strong translation initiation site (Fig. 2C ) and would likely be well expressed during an SPP1 infection. Thus, the assembly mechanism of SPP1 gp15 resembles that of the L28A or L65D mutants of gp6 for which a high level of expression is required for optimal function. These data demonstrate that the assembly of homologous proteins performing precisely the same function may be controlled by distinct mechanisms, which can lead to widely varying expression level requirements for function. This comparison also highlights the divergent evolutionary strategies that can be employed by homologous proteins to achieve the same goal of controlling complex assembly. In the case of SPP1, assembly is controlled utilizing a weak oligomerization interface that prevents premature aberrant assembly, whereas in HK97 aberrant assembly is prevented through low gene expression.
Gp7 is the binding partner of gp6 within the connector complex, and it is present with equivalent stoichiometry. Nevertheless, our plasmid-based assays using the native translation start sites of genes 6 and 7 indicated that gp7 is present within phage-infected cells at a concentration at least 500-fold higher than that of gp6 (Fig. 2 B and G) . Despite this relatively high expression level, plasmid-based expression of gp7 did not inhibit HK97 growth. Moreover, the addition of IPTG increased plating efficiency, indicating that the concentration of gp7 was actually limiting the yield of phage particles even though the intracellular concentration of gp6 was vastly lower under these conditions. These results emphasize that though two proteins may be found within the same complex with the same stoichiometry, their expression levels can vary tremendously. Although the oligomerization properties of gp7 in isolation have not been assessed due to its poor solubility in vitro, it is likely maintained in a monomeric state in vivo until the appropriate assembly intermediate is contacted. This has been shown to be the case for the homologues of gp7 in bacteriophage λ and SPP1, gpFII and gp16, respectively (17, 22) . The monomeric states of these proteins could be maintained at protein concentrations high enough to determine their solution structures by NMR, yet they multimerize in vivo upon incorporation into the phage particle. The incorporation and oligomerization of both of these proteins appear to be controlled by disorder-to-order transitions occurring upon assembly (22, 26) .
Previous discussions of the dosage sensitivity of proteins that are involved in complex formation in eukaryotic cells have generally assumed that the number of on-and off-pathway complexes formed is determined solely by the intracellular concentrations of the components comprising those complexes. However, in phage assembly systems, pathways appear to be predominantly regulated by allosteric transitions that occur when monomeric proteins contact the correct assembly intermediate. The monomeric solution structures of many such proteins have been solved at high protein concentration by NMR spectroscopy even though all oligomerize upon assembly (17, 18, (20) (21) (22) (27) (28) (29) . These results imply that, in contrast to gp6, these proteins in isolation possess very weak oligomerization interfaces that become strong only after interaction with the proper precursor in the assembly reaction. Because these complex subunits are maintained in a monomeric state until the proper assembly intermediate is encountered, the impact of imbalances in the expression levels of these components is minimized. Assuming that complex assembly in other systems is often regulated in a similar manner to phages, it is unsurprising that the overexpression of protein complex subunits in eukaryotic cells is often tolerated without adverse effects (8) and 50% reductions of gene expression in yeast diploid cells rarely cause phenotypic effects (30) .
Overall, our data demonstrate that the inhibitory effect of overexpression or underexpression of a protein on complex assembly is intimately tied to its propensity to interact with itself and its binding partners when present in its unassembled state. Because this property will naturally vary among proteins, even among homologues such as gp6 and gp15, and can be drastically altered by single amino acid substitutions, prediction of the dosage sensitivity of any set of proteins is extremely difficult. In eukaryotic cells, where many proteins are members of several distinct complexes (31, 32) , each potentially with their own copy number requirements, allosteric mechanisms for the regulation of complex assembly similar to those seen in phages will likely be more important than modulation of expression level. Thus, knowledge of the mechanisms controlling the assembly of multiprotein complexes is crucial for comprehending the relationship between protein complex membership and overexpression inhibition or haploinsufficiency phenotypes.
Methods
In Vivo Analysis of gp6 and gp7 Activity. Complementation assays were performed as described (21) . For assays that included IPTG, cells were preincubated with IPTG (final concentration in top agar was 0.1 mM) for 15 min at room temperature before plating. Lysates of amber mutant and WT HK97 were prepared by standard procedures. Results were quantified by spotting serial dilutions of the test phage and scoring for activity based on the formation of a zone of clearance caused by lysis of the bacterial lawn by phage.
Protein Purification and Analysis. All proteins were expressed, purified, and analyzed by gel filtration as previously described (21) .
Analysis of gp6 and gp7 Expression Levels. Escherichia coli 594 cells transformed with expression plasmids grown in the presence or absence of IPTG were pelleted and resuspended in 1∕5 volume of SDS-PAGE sample buffer. To assess the low level of gp6 expression from pEx6 TI-6 , the total gp6 produced from a 1-L culture of cells containing this plasmid was purified by Ni-affinity chromatography and resuspended in 0.1 mL of sample buffer, thus providing a 10,000-fold increase in gp6 concentration. Samples were separated by SDS-PAGE and immunoblotted with anti-FLAG antibody using standard procedures (33) . Bands were visualized using a Typhoon 9400 system, and intensities were quantitated using ImageQuant v. 5.2 software. The expression levels of gp6 and gp7 from their native translation sites were quantitated by comparing band intensities of appropriately diluted samples of gp6 and gp7 expressed from pEx6 TI-6 and pEx7 TI-7 to purified gp6 protein standards of known concentration. Control experiments were performed with purified gp6 and gp7 to determine that these proteins were detected at equivalent levels by the anti-FLAG antibody.
